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OtlSElt\’ATIOSS AND PREDICTIONS OF El;\’ EIIISSI()!N

FROhl CLASSICAL NO\’AE

z Warren hf. Sparks’, and Juuchim Kradllrr4Sumner !j[arrficld’, James W. Truran ,

ABSTRACT

lheorc[ical modeling of novae in ou[burst predicts [ha[ [hey should btI ac[itc emillcrs of

radi~[ion bo[h in [he E(JV and soft X-ray witveleng[hs twice during the ou[hurst. The first limr is

tery cnrly in the out burs[ when only an all sky survey can detect thrm. This period Ius[s only ~ fL)w

hours. They again become bright EIIV and soft X-rav emitters late in (he Oulbursl whrn llIL’

remnanl object becomes very hot and is still luminous. The predictions imply both that it no~:~ ~’;III

remain very hot f,or months 10 years and that [he peak trmprra[urc at this time s[rongl}’ dl’pt’nl!i

upon [he mass of the while dwarf. 1[ is impor[an[ to observe novae at [hesc I[ltr [i[nt)s hLIc:Iusr :1

mcasurrment of both the flux and [temperature can provide in formtilion about [hc mfiss [)( tl)l’ u I)ilti

dwarf, the turn-off (imc sctiie, and [hc energy budget of the oti[burst. WV review thv u\islin~~

[)bsrr~’aliens of novae in lute stages of Ihrir out burs[ and pres~nt some ncwl~ ol)[ail]rd d:I[;I for (;(.J

Mus 1983 We [hen provide results of new hydrodynamic simultitions of novtie in outbur~t :II)(!

compule the prctiictions 10 the obscrva[ions,

“Ikll;lrll]lcll[ of As II(In[)my, [Inivrrsily (If IIlinoi$

:1
A!)l)lird “1Ilrorrlil”;ll l’hysic~ l)ivi!, ion, I.(Is AI;ln~~)’, Nnti[)n:ll l.: Ilx)IJIi)I Y

41.:lllIlt’\\lCll)U:lIl[. llri(lrll)l’1~ K {iniy,’,lul)l



I. INTRODl~CTION

Over the pm. I IWO decades, observational s~udies have revealed and theorcticol slu.iit’$ h:I\LL

prcdic[ed tha[ classical no~ae, over the course of their ou[burs[s, emi[ ~nerg! oler a brond r:iny,~” (II’

wavelcng[hs, from radio to gamma-ray. N’bile the theoretical predictions of no\ae oulburs[$ h~vc

anticipated somu of the observations, in this paper we identify a number of phrnome.la [hn! SI](JU

[hat current predictions are not totally in agreement wi(h the observations.

The classical nova outburst occurs on the white dwarf componen~ of a CI1)SC binnr! :,!SICIII

and they are members of the general class of Cataclysmic Variables. A ~u[:lcl!’sn)ic \’ari:il,lc

(here~fter: CV) is commonly assumed to contain a Roche lobe filling secondary, on or nr;]r the m:~in

sequence, losing hydrogen- rich material through the inner Lagrangian point into an accrctiun diih

[ha[ surrounds a white dwarf primary. Some viscous process, as yet unknown, acis to transfer rr):l:s

inward and angular momen[um outward through the disk so [hat some frac[ion of the malcrlti! IOSI

by [he sr?ccrndary ends up cm [he while dwarf. The accre!ecl layer slowly grows in [hichness un[il [hc

h!)ttom reaches a temperature that is high enough to inilia[c thermonuclcur burning of hydrllp, cn

The further evolulion of nuclear burning on [he while dwarf now depends upon [he m:lss tind

Iuminosiiy of [he white d~rrf, [hc ra[e of mast ficcretiun, anlj the ~hcn)i;al composition of Ihr

rc~c[ing Iaycr,

Given the prcrprr conditions, a thermonuclear runaway (hereafter TNR) occurs, and !hr

[cmpcrtiturrs in the accrcted envelope grow IO values exceeding IO” K. AI this time thr /7’- uns I: Il~lc

nuclri bccomc abundan[ which strongly affects the fur[h?r evolulion of the oull)urs[. “1’l]r(llrtic:ll

calculntiorss drmurrs[rafr Ih:lt this rvnluiiorl rclcasrs enough encrg~ to eject mutcri:ll wi[h cxlmnsl[~n

vcltlcitics thtit a~l,rcc with nl)scrvcd vtilurs und th~t the prrdi~”[ccl light curt’t~s ~~rt)ducc(t l~\’ thl’

expanding mxtcrial can rrgrce quile cI[15cI> with IIIC t)llwrvfititlnk (Slmrh5, St:lrrficl~l, isntl “I”ruliln 1°7H:

Starrflcld, “I[urun, iind S~l~rhs 19”)H; S[urrfitlllj, Sll;lrhs, and “1’ruran 1974ti, 19”/4b, 1985, I1)H(ll

I’rialnih, Shurti, tind Sh~\i\’ I{)”lft, 1070;” hl;l~.[,h)ll:lld 1911(); I’lifilnik Cl 111. IOH2). “1’hc$c stu~lirs lIii\’t’

:11’.() Iu’rrl rxtrrmcly su~-~-ct$flll In rcll~tl[jl]~.irl~ [h~ grosf fr;l[llrr=s of tll~ rl(lvu (jll[ljlll~[ ~.lltk.1[,,1 111:11,1,(1,.

:Irl(l hiH(’liL’ rrlt’r~lr%,

1
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Mo:e importantly, these calculations predicied. ( I ) \ha[ enhanced CNO nuclri would be found

in the ejects of fas[ novae. (2) Iha[ the iso[~)pic ra[ios of the CNO nuclei would be ftir (Iom sillfir,

and (3) that Ihere should be a post ~naximum phase of cons[nnl luminosity lasting for monlhs. ~JI

longer. As discussed in S[arrfield ( 1986, 1988), observa[iondl confirm~ticln of eisch of lhrse pi~in[>

h~s now tippeared in the li[era:~re.

Given this brief discussion of [he outburst, we can idrntif) [he vari(~us times durin~ thr

oulbursl when a nova will be expected to emi[ radial ion at ELJV and soft X-ray w~l~cleng[hs, l’l,r

physical causes undt rlying [hese emissions are well known and wtll undcrs[uod; it is [he c:llcula[i(~n

of emission al various wavelengths and limes [hat has no! pre~iously been done.

In the next seclion we prescn[ a summary of Ihe existing simula[icrns of the not”a oulburs[

We follow that wilh Section 11], which shows how !!re early El!\’ cn]issi(~n m;l} bC es[in~;l[l’li, :IIILI

Seclion IV, which shows how the Ir.t!e EIJV emission may be determined. Thai scc[ion also di~cusws

the current situation with regards [O radiation pressl)re driven m:lss loss. In Section lV wc rciicw

the exis[ing obsertq[ions that shot,’ [hat novae are already known [o be E(IV and sofl X-ray emitlcrs,

W’e end wi[h a discussion and conclusions.

11. THEORETICAL SIM1l LATIONS OF TIIE OIITU(IHS”l°

Significant advances in our understanding of Ihc outburs[s of classical novuc have o~-culrrd

over [he past decade (see, e.g., the reviews Gallisgher and Starrfield 1978; lruran 1982; Slarrflcld

1988; Shara i988). Their outbursts are no~ ,nciers[ood [o be driven try TNR’s proccrding in the

accrrted hydrogen rich shells on tt-ie white dwarf components of closr binary sysIcms. The i’arit’d

characteristics of [hc observed outhurs[s can be undcrs[()()d on the ba~is of dcpt)lldcncirs on [hu wl]i[c

dwarf mass and luminosity, the rate of mass accrr[irrn, and the comp(~sition of the rnvcll)p~ mutter

Prior to runtiway, Observations of novise ejccla i,nply that there is mixing of corr mntcri;il int[) thv

accrc[cd Iayrr so Ihnt the ob~erved cht~l]~icfil c(ln]posi~i(]n rrf the ejcclti reflrc[~ o conll]in;lli(~n t)f L.I}IC

~)lus accrclc(l mtilcrial (Sparks c1 fil.19tlX),

“l’he outburst procccds as f~~llt)ws. If [he nltit~li;ll is (ll~}~cl]~r;llt~ l~n~)uy,ll, a “I”NI{ tKL.UI\, :IIILI



Ihe temperatures in the accreted envelope grow 10 values exceeding lC~K. Al Iempera[ures of 108K

and abowe. the B“-unslable nuclei become abundant and Imporrmt(. 1[ is the operation of [he CNO

reac[ions al high temperatures and densi[ies tha[ produces large amounts of Ihe /l”-unstable nuclei

in Ihc en~elope and one of [he STIOS[impl, r[anl results from the hydrodynamic simula[il)ns hus been

the iden[ifica[i~~n of [he ri~te pla}ed by the B’-unstable nuclei In the oulburst.

13NThe four nuclei: , 150 and “F influence [he ou[burst in the following fashion:“0. ,

during the early part of the ebolu[ion. the Iife[imes of lhe CNO nuclei against proton captures arc

very much longer than the decay [Imes for the /l”-unstable nuclei [r(i3N) = 863s. r(]40) - 102s, r(’5(>)

= 176s, r(17F) - 92s] so that these nuclei can decay and their daugh[ers cap[ure ano[her prolon in

order 10 keep these reactions cycling, As the temperature increases in the shell source, the Ii fulimc

against proion capture continually decreases un[il, at temperatures of -l OaK, it compclcs fa~orabl)

wi[h the /?” decays. The abundances of lhese nuclei now increase to where [hey severely impn:t lhr

nuclear energ} generation in the envelope since every proton cap[ure must now be fnllowud by u

wai!ing period bciore the ~+ decay occurs and another proton cap(ure can occur. Thus Ihc enrrfly

generation loses its dependence upon temperature and dcnsi[y and is cornplelcly controlled b! thr

CNO abundances.

M’e also nole [hat iIll of [he computer simula[ioils show that during the evolution to pL’;Ili

temperature a convective region forms just above [he shell source and then grows [o includr \ irlu;lll!

Ihe entire accretcd envelope. Si~ce the con-?ec[ive turn-over tinw scale in Ihc cnwlol~e is -107 scc

near [he peak of the TNR, a significant fraction of [hc /?+-unstahlc nuclei can reach [he surfwc

without decaying and the rate of energy generation at the surfJce can excerd 10 1% 11~-]ol:~ (., g g:l) .

(St~rrficld, 1“’ruran, and Sparks 1978; Starrfield 1989). Thcreaflcr, the energy produced in Ihc shell

sourer r;lpidly refichcs the surfa~c and wc find [hat the radiative Iuminosi[y climbs to milximum (lr)

[hc convective turn-over time scale at a tirnc when the white dwtirf rwlius is still smilll. CIVOIly,

an [111.jrct rwlititinu wilh Iuminosi[ics -l.[~~, arid which !i;ls a r;l(lius of a fcw tinlrs lo”~.nl, will rnll[

c(lllious a,nounts of II(IV isnd ::)ft X- ruy [Iho[(jn$. ‘1’his iml~lics 1}):11the novis will M l~r i~ht in 1111’
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Ill. THE EARLY EUV EMISS1ON OF A NO\’A

Given the picture of the nova outburst as outlined in the previous section, it becomes possible

to provide an es[imii[e of [he peak Tt, which occurs early in Ihe ou[burs[, as a function of while

dwarf mass. In ibis section we are concerned only with the very beginnings of [he outhursl utlrrr

the luminosity of the nova is rising 10 bolomelric maximum and long before it reaches visu~l

maximum. To our knowledge no nova has been observed al this time in its oulbursl.

[n order to proceed, we assume that the dy,~amical time scale of the envelope is such [ha[ the

whi[e dwarf can reach peak Iuminosiiy at a time when its radius is s[ill small. This assumption is

confirmed by all of the hydrodynamic calculations which show tha[ the ~+-uns[able nuclei reach [he

surface at a time when the envelope has not yet begun to expand. The theoretical calculations also

show that for fast novae the luminosity can exceed the Eddington luminosity al the surface. If we

assume that the radius remains constanl during the rise to bolome[ric maximum, then we can estimate’

the peak TC during the explosion.

We proceed by calculating [he radius of a whi[e dwarf as a function of mass (Figure 2:

Eggleton 1982). We then assume that the nova reaches the Eddingtcm luminosity and use the stand?rd

expression, for L[d w a function of mass (assuming a solar mixture of elements), to obtain a

precticwd temperature, This is shown in Figure 3. It is clear that even under Ihe sirnplcst

assumptions one can expect a nova at maximum [o be a strong EUV and sofi X-ray emiltcr. in

adr.iilion, [he observed effective tem~erature will be a strong function of the white dwarf mass.

Moreover, we have also done a number of calculatiolts of TNR’s on white dwarfs of different

masses and chemical compositions and tabulaled the peak Tc. The resul~s of unpublished work at

1,OOMO iilld 1.25MC) (S[atl field, Truran, and Sparks 1989; in prcparatiun) and published work at

1.25M(, (S[arrficld, Sparks, and Truran 1986), 1,35M0 (Starrficld, Spurks, and Shaviv 191%8) nnd

1.38M(, (Stisrrficld, Sp~rks, and Truran 1985) ale also shown in I’igurc 3. At each n}ilss wc $hou tin

average of Ihc peak effec~ivr tcmpcralures found in thrse calculiltitlns. I“he peak tcmpcraturcs in

thr simulations are significantly lower thun prcdirtrd by [hr simI~lc rrl;lti(ln~hip. “I”hr cxpi;ln;llitln

is that radius expan$i(~n has Occurred and in s[)nlc CaS~S [hc radius of the still h{ls increase’~ by m(~Ic
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ihan 10 pcr cent with a concomitant reduction in peak Te. However, the general slope is similisr

and does support [he con :Iusions stated in the previous paragraph.

Unfortunately, [hi: stage of cvolu[hm is very shorl and could be over in as little time as onc

hour. It is possible that such an outburst could be de[ected in a very sensitive all sky survey al

either EUV or soft X-ray wavelengths and would appear as a veiy soft transient outburst. We

encourage the observers to be alert to such a possibility.

IV. THE POST MA?’’hlUhf EUV EMISSION FROM NOVAE IN OUTBURST

After the expansion and dispersal of the ejected layers, the hydrodynamic simulations predict

and observations col. firm that there k a phase of constan[ luminosity (Spar!:s, Starrfield, and Truran

1976) for all novae which occurs because only a fraction of the accreted envelope is ejected during

the initial explosion. Tht remaining material (anywhere from 10% [O 90%) quickly returns to

quuislatic equilibrium with a radius extending 10- 101lcm to 1012cm. Because the shell source is

slill burning a[ [he bottom of the envelope, the luminosity can be delerminec! from the core mass-

Iuminosity relationship which predicts tha[ the luminosity of the remnant depends only o:l the mass

of the white dwarf (see Iken 1982 and reference$ therein). For a mmsive while dwarf that value of

the luminosity is closr to -LEd, Therefore, as mass is lost, the effective temperature will grow to

exceed a few limes 105K producing a second phase of EUV or soft X-ray emission. We address [hitf

phase in [his section. We also note that material ejected durlrig the nova outburst has velocities

exceeding 103km s 1, This high a velocity is enough to produce X-rays from shocks prod~.ccd by

the expanding material running into any circumbinary mittcrial (Brecher, lngham, and hlorrison

1977; Bode and Kahn 1985; Mason C( al. 1986),

A cri[ical point, which has yet to be undrrstr)od, concerns the question of the time SCOIC of

[he constan[ luminosity phase; i,c,, how long tlocs i[ take for the ccssatiorr of nuclear burning and the

ensuing return of the nova [o its quirsccnt stittr. The observations have confirmrd [hilt Ibis ph;l’w

of cvolu[ion proceeds more rapiclly than Ille nu~]car burning tinlc scill~ ft)r the remnant hydr(~}:cn

cnwlope. Thif implies that some mechanisms mus[ be iIt work to ICINOVC the rcmnan[ cnvel[Illc

6



and turn off the outburst. Whalever these mechanisms are, we can expec[ that the radius will shrink

wi[h time and the size of the star will slowly return to that expecled for a while dwarf. This phase,

however, will occur at nearly constant luminosity and so the effective temperature will slowly

increase. As shown by the observations of most novae, and especially by those of GQ Mus (Krautter

and R’illiams 1989), Tc can reach values exceeding 5 x 105K.

Discussions of the mechanisms and time scales for turn-off can be found in Starrficld ( 1979)

an~ MaclMnald, Fujimoto, and Truran (1985). In addilion, it is also appropriate to point out that

Shara c1 al. ( 1977) realized quite ear;y that novae that erupted with insufficient envelope mass would

be unable to reach a radius exceeding 101]cm and [hat an EUV outburst would be the only indication

of the TNR. Similar evolutionary behavior for recurrent novae was found by Truran el al. (1988).

Here, however, we are concerned with the turn-off of a nova that has experienced an optical

outburst.

In the rest of this section, we assume that it is a stellar wind that is acting to drive mass off

the remnant at a rate that can be calculated by the expressions provided by the theory of radiation

pressure driven winds (Castor, Abbot, and Klein 1975; Abbot 1982.; and references therein), We use

[heir formulae as written in MacDonald, Fujimoto, and Truran (1985) in order to derive a mass loss

rate as a func[ion of white dwarf mass. In addition, we assume that the whi:e dwz, rf is radiating

at the plateau luminosity of Iben (1982: although any of the tabulated core mass-luminosity relations

give virtwtllv the same answer), a solar mixture of the elements, and that the radiation driven mtiss

loss expressions are valid up to temperatures of 106K. 1[ is this last assumption that is most

questionable but we only use this expression to obtain an estimate of ihe time scales for turn-off and

use the actual observations to constrain our calculations. Figure 4 shows the rate of mass loss as a

function of white dwarf mass, The increue in the rate, u we gO 10 high~r masses, is striking and

shows thal a determination of the turn-off time scale could also be used 10 estimtite the whi[c dwarf

mass. II is also clcur thtit radia[ion pressure driven mass IOSScan bc s~lcly responsible for {hc turn-

off of a nova isftcr maximum and our initial assumption was correct.

In order to estimnle the Iimc scale for [urn-off ai~d thus the am{~unt {jf lime that we will havr

a~ailablc to observL! a nova in the kttc EUV stage of Ihe outburst, wc use the expression given in

7



Starrfield ( 1989) to eslima[e the envelope mass (see also Truran and Livio 1986) at the time of

runaway and assume that a fracl~on of this material is left on [he whi[e dwarf after the explosive

phase of the outburst. The numerical simulations show tha! this fraction can vary from 10’% 10 90%

and that it is a function of the degree of enhancement of the CNONe Mg elements. For the purpose

of this exercise, we assume 50%. Giver! the remn~nt envelope mass, we then use the rate of mass

loss to estimaw ths time for a white dwarf of a given mass to eject its remaining envelope. That time

is shown in Figure 5 as a function of white dwarf mass. Clearly, for the most massive white dwarfs,

the times are too short to agree with the observations.

The reason for this discrepancy is that the radiation pressure driven mass loss theory depends

upon the in[erac!ion of photons from the central source with absorbers in [he envelope. At

temperatures exceeding 5 x 105K, most of the material is fully ionized and the absorption will be

very small. It would seem reasonable that the efficiency of the interaction collld be IO per cent or

less of the va!ues determined for stellar material at temperatures below 5 x l@4K. Therefore, we feel

that the actual rates of mass loss could be more than 10 times smaller then shown in Figure 5. This

would bring the time scales shown in Figure 5 in line wi[h the observations.

Given the discussion in this section, the nova evolves at a constant luminosity, b’Jt stead:iy

increasing Tc until the amount of mass remaining on [he star is too small t6 support further nuclear

burning. The remnant material, if any, will then collapse back onto the surface of the star on a lime

scale of weeks and wil] go through a phase where the temperature reaches to nearly the theoretical

value shown in Figure 3. The time for this ph~e is the Kelvin -Helmholtz time for the material in

the envelope and is very short.

V. OBSERVATIONS OF NOVAE

Three recent reviews of the UV studies of novae (done mainly with the ILIE Satellilc) have

recently appeared (Star rfield and Snijders 1987; Starr field 1987; S[arrfield 1988), A large number

of novae have now keen studied in the UV and those data have proved ICI be very imporlan~ in our

understanding of the outbursl. They show thal as the out burs[ progresse: both Ihat the luminosity

8



remains virlually constant (R’u and Kcs[er 1977) and also that the peak in the energy dis[ribu[lon

shifls toward shorter wavelengths. NO nova has been found early enough in i[s ou[hurst to be

de[ected in the early EUV phase and only two novae have been studied for a long enough time in

their outburst to de[ect a Isle EUV phase. One of these is GQ Mus 1983 and in Figure 6 we show

a de-reddened spectrum obtained by the lUE satellite on January 15, 1988. II i!i clear from the

con[inuum, sloping to the blue, that this star is very hot. Optical Spectia ob[~ined for this novae in

1987 and 1988 also indicate that a hot source exists within the expanding shell (Krautter and Williams

1989). Krautter and Williams (1989) find FeX stronger than Ha as well as other indications that a

photoionizing source with a temperature exceeding -5 x 105K is present in the system. They also

report that this source must s[ill be luminous. The other nova is QU Vul 1984 and UV spectra

obtained in June 1988 and December 1988 show only emission lines.

A recent review of the X-ray studies of novae can be found in Starrfield (1988). In spile

of attempts by Einstein (Becker and Marshall 1981), novae were not detected in outburst at X-ray

wavelengths until Exosat observed emission from GQ Mus 1983 (Ogelman, Beuermann, and Krau[ter

1984). This was followed shortly thereafter by Exosat observations of X-rays from Nova PW VU]

1984 and QU Vu] 1984 (ogelman, Krautter, and Beuermann 1987). In addi[ion, RS Oph, a recurrent

nova, was also detected by Exosat (Mason eI al. 1986). The observations implied that all three novae

had Te -3 x 105K and a !uininosity that corresponded to a I.OMO white dwarf radiating at ‘-[d

(~gelman, K~”autter, and Beuermann 1987), Nevertheless, as emphasized by ~gelman, Beuermann,

and K raut[er ( 1984) and ~gelman, Krautter, and Beuermann (198?), the data were not consisten[

with the predictions of the TNR theory which required much higher temperatures at late stages in

the outburst. The temperatures found above are more consistent with low mass (large radius) white

dwarfs than with the high mass white dwarfs found to be necessary for a degenerate lNR (Starifield,

Truran, and Sparks 1978; Slarrfield 1979; MacDonald, Truran, and Fujimoto 1985).

In additioii to the discussion in the previous section, we note that the calculations ~~f

Starrfield, Sparks, and Truran (1965) show that Te should reach much higher va,lues at very Ialc

stages in the outburst. However, recent optical speclra suggest thai the ;cntral source of GQ Muscac

1983 has continued to increase in Iempera[ure (Krau[[er and Williams 1989) which indicates that the

9



radius of [he shell is still decreasing.

~gelman, Krautter, and Beuermann (1987) may have also measured the turn-off lime scale

for GQ Mus 1983 since their last observation, 900 days after maximum light, suggests that its X-

ray flux had decreased by more [ban a faclor of two.

In this paper we have provided estimates of the EUV emission at two times in the outburst.

“fhe first phase occurs very early in the outburs[ when the energy from [he shell source has jusl

penetrated the surface layers and the luminosity reaches L[~ at a time when the radius is still small.

There is, as yet, no observational confirmation of this phase. However, we have provided estimates

of the maximum temperature that can be reached as a function of white dwarf mass. These estimates

come from both an order-of-magnitude calculation and from actual hydrodynamic simulations of

the outburst.

The second phase of EUV emission occurs at a late time in the outburst when tie radius of

the remnant object has shrunk IO a few white dwarf radii but the luminosity still remains at nearly

the maximum value, We have provided estimates Of the time scales for this phase Of the outburst

as a function of white dwarf mass. We cannot predict the temperatures during this phase since they

will depend on the radius of the material remaining on the white dwarf. Nevertheless, Ihey shouid

approach those temperatures derived in the earliest phases of the outburst,
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CAPTIONS FOR FIGURES

Figure 1, The effective temperature as a function o time for a 1.25M0 white dwarf model that
[is accreting at a rate of 1.0 x 10-aM&r- . It remains at peak T@ for less than onc

hour.

Figure 2. The radius of a white dwarf as a function of mass, We use the Egglelon (1983) fil[ing
formula to the Chandrasekhar white dwarf mas~ radius relation.

Figure 3. Peak effective Iempera[ure for a white dwarf as n f~nction of white dwarf mass. The
four asterisks are the results from aclual evolutionary sequences al 1,OM,, 1,25hln,
1.35M0, and 1.38M0 The simulated poinls fall below the derived curve ~ccause of
envelope expansion prior to the peak of the TNR.

Figure 4, The rate of mass loss in M&r” 1 as a function of white dwarf mass. This rale is
obtained from the radiation pressure driven mass loss theory of Cas[or, Abbott, and
Klein (1975).

Figure 5. The turn-off time scale versus white dwarf mass f;,r a white dwwf radiating tit Ihc
plateau luminosity (Iben 1982) with an envelop? mass dctcrrninrd from standard whi[c
dwarf theory, The rapid decrease at large white dwarf masses is caused both by an
increasing rate of mass loss and a shrinking envelope mass.

Figure 6. The IUE spectrum of GQ Mus 1983 obtained on January 15, 1988, A spectrum
obtained in June 1988 shows virtually the same fluxes and indica,cs that we arc
observing the actual stellar continuum, The steep risr of the continuum to the nlur
suggests tha! the stellar remnant is very hot,
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